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INTRODUCTION
Exhaust emissions from road vehicles continue to be a significant source of atmospheric pollution. In European cities, emissions of particulate matter (PM) and oxides of nitrogen (NO x ) from road traffic are of particular concern in the context of their impact on public health. 1 The European Parliament has introduced legislation relating both to the emissions characteristics of new vehicles for type approval (also known as vehicle certification), and for ambient air quality. 2, 3 This legislation has been implemented in the domestic laws of member states of the European Community such as the United Kingdom. 4, 5 The introduction of limit values (g/km) for polluting emissions (CO, HC, NO x , and particulate matter) in exhaust gases (commonly referred to as ‗Euro' standards) for new vehicle type approval in Europe has reduced emissions of some pollutants progressively since the adoption of the Euro 1 standard which implemented closed loop three-way catalytic converters for light vehicles in the early 1990's. 6 The Euro 5 standard came into force in January 2011, applicable to the registration and sale of new light vehicles, and Euro 6 is due to be implemented in January 2015. 2 Whilst the progressive tightening of exhaust emission standards for vehicle type approval over time has been successful in reducing the emissions of some pollutants, the reliance on legislated driving cycles (such as the New European Driving Cycle, or NEDC) to assess vehicle emissions has been criticized because of the differences between the specification of the laboratory based driving cycle, and the ‗real-world' operation of vehicles which encompasses a range of confounding factors such as variability in highway design and operation, variation in ambient conditions, influence of other road users, and variability in driver behavior. 7, 8, 9 A better understanding of the ‗in-use' exhaust emissions characteristics of the vehicle fleet has been achieved in recent years using remote sensing techniques. 6, 10 However, an analytical challenge has been to relate essentially instantaneous (typically circa 500 millisecond) roadside measurements of exhaust gases from remote sensing in terms of concentrations (ppm) or grams per kilogram (kg) of fuel burnt, to those observed over a type approval driving cycle in laboratory conditions quantified (for the purposes of the European statutory limit values) in units of grams per kilometer (g/km). 2 
4
This paper utilizes an urban remote sensing dataset collected in London, United Kingdom in 2008, to determine the relationship between vehicle dynamics and exhaust emissions. The paper uses the concept of vehicle specific power (VSP), characterizing vehicle engine load, to facilitate this linkage. 11 The NEDC is synthesized from the remote sensing data using VSP (by Euro standard, engine capacity, and fuel type), and the emission results compared with data from vehicle type approval tests over the same driving cycle, with a view to moving towards a reconciliation of these measurement techniques. The development of such a reconciliation will help policy makers to arrive at a more coherent and holistic interpretation of the available data relating to road vehicle exhaust emissions, thereby helping to inform future policy interventions relating to both vehicle type approval and local air quality management. It will also assist in determining the rate and extent of changes in vehicle exhaust emissions with respect to vehicle age and fuel type, relative to original type approval performance, informing fleet inspection and maintenance programs, and the development of vehicle emissions models.
EXPERIMENTAL
This section describes (1) the remote sensing surveys; (2) vehicle specific power; (3) the European type approval driving cycle; (4) derivation of emission values over a synthesized driving cycle; and (5) reconciliation of remote sensing emissions data with published vehicle type approval (certification) data.
Remote Sensing Surveys. The remote sensing survey campaign in London in 2008 has been described elsewhere in the literature 6 , so the description here will be limited to a brief overview. The surveys were carried out at 13 urban sites (speed limit 30mph) in the period from March to August 2008 using a commercial AccuScan™ 4600 remote sensing device (RSD). The instrument measured three exhaust gas ratios; CO/CO 2 , HC/CO 2 , and NO/CO 2 . These measured ratios are utilized to produce estimates of grams of pollutant per kg of fuel burnt, following the form used by Pokharel et al (2002) and Burgard et al (2006) . 12, 13 (1) Gear selection and change points are specified for manual transmissions. During application, a tolerance of ±2 kph is permitted between the indicated speed and the theoretical speed during acceleration, during steady speed, and during deceleration when the vehicle's brakes are used. The time tolerance is ±1.0 seconds, applicable equally at the beginning and at the end of each required gear change. 2 The NEDC speed and acceleration profiles are illustrated in Figures 1(a) and 1(b), and the calculated resultant VSP for the driving cycle from Equation (4) is presented in Figure 1 (c). During the urban cycle, the mean VSP is 1.39 (maximum 11.73, minimum -5.73); during the extra-urban cycle, the mean VSP is 6.54
(maximum 28.66, minimum -16.83); the mean VSP for the total NEDC is 3.14. 2<VSP≤4….18<VSP≤20, VSP>20). This could in principle be carried out at a higher or lower level of resolution depending on data availability. The mean emission rates derived from the remote sensing surveys for the respective VSP bins are then applied to the NEDC frequency distribution, and these are 8 then summed (in this case at a frequency of 1Hz) to provide an estimate of the emission rate over the total driving cycle (Equation 5). In practice, the remote sensing data were classified not only by fuel type (petrol, diesel), and Euro standard (Euro 2, Euro 3, and Euro 4), but also by engine capacity.
where Emis DC = mean emissions rate over the synthesized driving cycle (grams/kg of fuel); F = frequency of occurrence of the VSP value in bins B1..Bn over the driving cycle; and E = mean emissions rate (grams/kg of fuel) associated with the VSP value in bins B1..Bn derived from the remote sensing data. (with speeds up to 120 km/h), the frequency distribution of VSP over the total NEDC (1180 seconds), and in particular the mean, resembles more closely the observed urban RSD data than the urban element of the NEDC alone. This is not surprising given that the survey sites were located to observe moving traffic (ideally under load), whereas the urban element of the NEDC contains stops when the engine is idling. rates where the data permits, to reflect the potential differences in mean emissions rates which occur with differing acceleration rates within the same VSP bin. Table 2 presents the comparison between petrol car mean emission rates obtained from VCA NEDC type approval tests, and emission rates derived from remote sensing data over a synthesized NEDC (Emis DC ). Table 3 presents a similar comparison for diesel cars. When interpreting these results, a number of important caveats should be noted. Firstly, the remote sensing device used in the surveys in London in 2008 measured nitric oxide (NO), whereas the type approval test measures total oxides of nitrogen (NO x ). Differences in NO and NO x emissions may be expected, particularly in newer diesel cars as the proportion of primary NO 2 in total NO x increases. Recent studies suggest that the proportion 13 of primary NO 2 in total NO x in diesel car exhaust is in the range 11-14% at Euro 2, increasing to approximately 55% at Euro 4. In contrast, the proportion of primary NO 2 in total NO x in petrol car exhaust is estimated to be in the range 1-4%, with higher values for petrol cars with direct injection fuel systems. 20, 21, 22 Secondly, European legislation stipulates that emissions of oxides of nitrogen (NO x ) are expressed in nitrogen dioxide (NO 2 ) equivalent values. 23 A conversion from NO to NO 2 equivalent values (assuming a factor of 46/30) for the remote sensing data is included in Tables 2 and 3 . Thirdly, the estimation of particulate matter based on opacity measurements in the remote sensing surveys differs fundamentally from the gravimetric approach used in the NEDC tests, so comparisons of trends within the two data sources may be more appropriate than direct comparisons between the two data sets.
Fourthly, the calculated mean emission values in the VCA data set are measures of central tendency across the vehicles tested by VCA in the laboratory, whereas the mean calculated from the RSD measurements are based on the methodology described in Equation (5) and Table 1 . Whilst aspects of driver behavior such as gear changing and gear selection are controlled within known tolerances in the NEDC type approval test, there is no such control in the data obtained from remote sensing. Higher and more variable emission rates may be expected in the data obtained from remote sensing than from the VCA data, due to uncontrolled variability in driver behavior. Finally, the VCA test results were obtained from the vehicles when they were new. In the RSD data collected in 2008, the observed Euro 4 vehicles were between 0 and 3 years old; the Euro 3 vehicles were between 4 and 8 years old; and the Euro 2 vehicles were between 9 and 12 years old. Mechanical deterioration of engines, failures in emission control systems, and variation in levels of maintenance over time may also be sources of variability in the emissions data obtained using remote sensing. correction factor up to a maximum of 1.57 (assumed average mileage of 17,000km up to a maximum of 160,000km) for engine capacities greater than 1.4 liters. 18 However, research in the United States, based on time series analysis of repeat annual observations, has indicated that fleet averaged emission deterioration is near zero for model years newer than 2001. 10 Given that the remote sensing data set utilized in this study represents a single point in time, it is not possible to state definitively whether (a) the relatively larger differences in emission rates between RSD and VCA data for earlier Euro standards are due to age related deterioration, or (b) that the difference is due to a larger discrepancy between VCA and ‗on-road' emission rates for earlier Euro standards independent of age effects.
The mean emission rates of NO (NO 2 equivalent) derived from remote sensing for Euro 4 diesel cars are around 50% higher than the NO x values reported by VCA. At Euro 3, the values derived from remote sensing are on average 30% higher than the VCA values. Assuming a proportion of NO 2 in total NO x of perhaps 30% at Euro 3, increasing to 55% at Euro 4, average NO emissions from remote sensing at Euro 3 are nearly twice the VCA values, and over three times higher at Euro 4. Of course, the actual NO 2 /NO ratios in the fleet observed during remote sensing are not known. The EEA assume no additional mileage related emissions degradation for diesel cars beyond that assumed in baseline emission factors corresponding to fleet average mileage (30,000 -60,000km). 18 It should be noted in passing that the absolute levels of NO emitted from Euro 3 and Euro 4 diesel cars, observed in the remote sensing surveys, are statistically significantly higher than from comparable petrol cars. In the VCA data, mean PM emissions for diesel cars at Euro 4 are 17% of Euro 2 values and 35% of Euro 3 values. In the remote sensing data, the equivalent trend values are 36% and 55%. The PM emission rates reported from remote sensing (based on opacity measurements) are generally 1.8 to 3.7 times higher than the reported VCA (gravimetric) values, the wider divergence occurring with newer (Euro 4) vehicles.
When interpreting these comparisons, due cognizance should be paid to the differences in instrumentation and measurement techniques utilized. The form of remote sensing used in this study does not permit the accurate representation of the significant proportions of idling time in the (NEDC) type approval laboratory test, because idling whilst stationary is not included in the RSD measurements (emissions measurements from the RSD instrumentation are obtained when the vehicles are in motion).
It is likely that the urban remote sensing data included an unknown proportion of cold start observations; future work could control this issue by careful site selection, and possibly thermal imaging. 25 Other factors which are difficult to control, and which could make reconciliation more challenging, include the use of ancillary equipment such as air conditioning, vehicle loading, and other aspects of variability in driver behavior such as gear changing. However, the significance of some of these issues will depend on the nature of the driving cycle under investigation. The future collection of time series data will permit the assessment of the significance of the relationships between emissions and vehicle age / mileage, which will be influenced by prevailing local inspection / maintenance regimes. Further data collection is required to refine the technique to explicitly account for the fraction of NO 2 in total NO x . Future research will also benefit from the inclusion of RSD data from higher speed (extra-urban) survey sites, to explicitly capture high VSP values generated by consistent higher speed cruising, rather than from lower speed acceleration events. It is considered likely that this will have a bearing on emissions rates of some pollutants. 
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